Interferometric microscopy techniques are capable of recording a complex light field. Compared to conventional phase microscopy techniques such as phase-contrast microscopy and differential-interference-contrast (DIC) microscopy, interferometric microscopy can quantify the phase change induced by the specimen. Many applications of the quantitatively recorded phase information have been reported in studying biological specimens [1, 2] . For samples with a homogeneous refractive index, quantified phase information can be used to determine the height of samples with nanometer accuracy [3] . Another important use of phase information is that it enables high-speed three-dimensional (3D) imaging of a sample without scanning an objective lens via numerical propagation along the axial direction [4] . The quantitative phase microscopy techniques typically adopt spatially and temporally coherent sources (e.g., lasers) to facilitate both the phase recording and the numerical propagation. However, the use of coherent light sources has two important drawbacks. The first is the inferior spatial resolution of incoherent illumination owing to the small NA of the illumination [4] . A second drawback is the fixed pattern noise induced by diffraction from dust particles and other optical imperfections in the beam path and from the sample itself. When interpreting the acquired phase information as the thickness of a sample, such noise degrades the accuracy of the measurements.
We note that aperture synthesis methods can be used to increase the effective illumination NA without compromising the 3D imaging ability [5] [6] [7] . The concept of the aperture synthesis is to first record multiple electric field (E-field) images taken at several different angles of illumination covering different parts of an object spectrum, and then to synthesize them in such a way as to increase the passband of the object spectrum. Many studies have demonstrated the use of aperture synthesis to improve spatial resolution. However, most of the studies demand a long data acquisition time because of the need for rotating a sample or for changing the illumination, although a hybrid approach may reduce the number of images to be acquired [8] .
In this work, we developed a high-speed synthetic aperture microscope for quantitative phase imaging of live biological cells. The experimental setup ( Fig. 1) resembles that of our previous work [9] but with the sample illumination angle controlled by a dual-axis galvanometer-driven scanning mirror (Cambridge Technology) rather than a single-axis scanner. This allows the illumination to be varied in both the polar and azimuthal angles. In addition, we employ an off-axis digital holography method instead of phase-shifting interferometry to speed up the data acquisition. As a result, we could typically record 360 images in less than onethirteenth of a second. For the aperture synthesis, a phase-referencing algorithm is developed to constructively add multiple angular images. We demonstrate quantitative phase imaging of live cells with aperture synthesis for the first time to our knowledge. Because of the increase in the passband, the lateral resolution is improved and the phase sensitivity is enhanced via a decrease in the depth of field [10] .
The theory of aperture synthesis has been described in detail elsewhere [5] [6] [7] . For a plane wave with oblique incidence, U in ¼ expð−2πiðν x x þ ν y yÞÞ, onto an object located at the front focal plane and whose amplitude transmittance is tðx; yÞ, the field at the backfocal plane of an objective lens is given as follows:
Here Tðξλf ; ηλf Þ is the Fourier transform of tðx; yÞ, circ function is introduced to represent the limited aperture of the imaging system, and Δν ¼ f × NA, with f the focal length of the lens. Note that the spectrum shift enables us to accept the high-frequency band when the incident field is oblique. Therefore, by synthesizing various illumination angles, we can effectively enlarge the passband and thus the NA.
In the experiment, we use an off-axis digital holography microscopy to record the phase and amplitude of light transmitted through biological cells [1, 9] . The output of a He-Ne laser (λ ¼ 632:8 nm) is divided into sample and reference beams (Fig. 1) . A dual-axis galvanometer mirror is positioned in the sample beam path to scan the direction of illumination. A lens (L1) and a high-NA condenser lens (Nikon, 1.4 NA) relay the reflected beam from the galvanometer mirrors onto the sample. The beam transmitted through the sample is imaged by a complementary metal-oxide semiconductor camera (RedLake M3, 500 fps, or Photron 1024PCI, 5000 fps) using an objective lens (Olympus UPLSAPO 100X, 1.4 NA) and a tube lens. In the reference beam path, the beam is spatially filtered and expanded to match the mode with the sample beam. A beam splitter combines the sample and reference beams to form an interferogram at the camera.
To uniformly cover the NA of the condenser lens, we control the dual-axis galvanometer mirrors such that the beam spot at the back focal plane of the condenser lens moves along a spiral pattern with five rotations as shown in the inset of Fig. 1 . For a given angle of illumination, the camera records an off-axis hologram whose spatial fringe period is equal to the diffraction-limited resolution. This enables us to record a complex amplitude image with a single interferogram, instead of four as in the previous phase-shifting interferometry. In doing so, we eliminate the required dwelling time of the galvanometer mirror for taking four images at a given angle and greatly improve data acquisition speed. By using a Hilbert transform, we obtain both phase and amplitude of the field and constructed E-field.
To increase the NA of the illumination, we synthesize a set of E-field images obtained at various angles of illumination. For illumination parallel to the optic axis of the objective lens, the phase image has a uniform background [ Fig. 2(a) ]. Here, the sample is a live microglia cell sandwiched between coverslips. By taking the Fourier transform of the E-field, we obtain the intensity distribution in the Fourier plane [ Fig. 2(e) ]. The center of the peak in the Fourier plane is due to the unscattered light, which we call a DC spot. The red circle indicates the limit of the passband with its radius corresponding to the spatial frequency NA obj =λ, where NA obj is the NA of the objective lens. For any nonzero degree of illumination, there is a linear phase ramp in the image plane as seen in Fig. 2(d) . This causes the DC spot in the Fourier plane to be shifted away from the center while the passband (red circle) remains fixed.
We now describe our method of synthesizing multiple angle-dependent images. In the previous studies, the DC spot of nonzero degree illumination is shifted to the center in the Fourier plane. In our approach, we combine images at the image plane. For this, we normalize the E-field image with a background image taken in the absence of the sample [ Fig. 2(b) ]. Then, the phase ramp is removed and the DC spot moves to the center in the Fourier plane. This causes the circle defining the passband (red circle) to shift away from the center of the Fourier map [black circle in Fig. 2(f) ]. By repeating the same procedure for all the angular images, the passband is enlarged (white circle). As a result, the synthesized NA is increased from 1.4 [ Fig. 2(e) ] to 2.0 [ Fig. 2(f) ].
The advantage of synthesizing images at the image plane is in matching relative phase among angular images. Interferometric imaging is subject to the overall phase fluctuation from one recording to another due to path-length fluctuation between sample and reference. This is often referred to as an uncontrollable phase shift. When adding the set of angular images, it is important to eliminate the overall phase fluctuation, or the phase of the synthesized image will be lost. For example, the phase image in Fig. 2(b) has a nonzero phase at the background even after removing the phase ramp, which is different from that in Fig. 2(a) as a consequence of uncontrolled phase shift. We choose an area outside of It takes one-fifth of a second to record one synthesized image, which is composed of 100 angle-dependent images taken at 500 frames per second. The cell is observed for 10 min. (e), (f) Intensity distribution in the Fourier plane for 0°illumination and for aperture synthesis, respectively. Color bars indicate phase in radians, and intensity in the logarithmic scale with base 10 for (e) and (f). Scale bar, 10 μm.
the specimen [white square boxes in Figs. 2(a) and 2(b) ] and set the average phase of the area to be zero for all the E-field images by subtracting the measured average phase for each image. When we do so, the phase at the background is fixed for all the angular images. After adding all the E-field images, we obtain the phase image shown in Fig. 2(c) . The fixed pattern diffraction noise present in the individual angular images is removed, and the overall rms phase noise is significantly reduced from 73 mrad to 16 mrad. This is a clear demonstration that aperture synthesis improves phase sensitivity. The enlarged passband leads to the reduction in the depth of field, which in turn rejects diffraction noise originating from the out-of-focus plane. The ruffles of the live microglia cell are clearly visible in Fig. 2 (c) (Media 1), which indicates that the cell is alive because only vital cells can stretch their ruffles for moving.
With the improved phase sensitivity of our device, we image a helical cholesterol ribbon formed in surfactant mixtures [9] . A helical ribbon is an interesting object in that it may be used as a mesoscopic transducer to measure the forces on nanoscale biological objects. But the thickness needs to be measured to determine the spring constant of a ribbon. The typical thickness is smaller than 100 nm, well below the axial resolution of conventional microscopy. With a single angle phase image [ Fig. 3(a) ], however, diffractions from the object itself and particles in the medium contribute to the phase noise. On the other hand, the synthesized phase image [ Fig. 3 (b) (Media 2)] has dramatically reduced noise where the image shows the bottom part of a ribbon. Here, we record 361 angle-dependent images at 5000 frames per second. From the acquired phase, the thickness of the ribbon is determined to be 68 nm [9] .
The spatial resolution of the phase image is also improved after the aperture synthesis. A United States Air Force (USAF) targetlike phase pattern is generated on a spatial light modulator (SLM) (Holoeye, LC-R 2500) with half pitch of the stripe patterns under numbers 5, 6, and 7 corresponding to 1200, 800, and 400 nm, respectively. To make small stripe patterns on the sample plane, the SLM is inserted at the conjugate plane to the sample plane and its pattern is demagnified by a factor of 50. Figure 3(c) is an averaged image of 1000 interferograms taken at 0°illumination, for which the diffraction-limited resolution is 550 nm (1:22λ=1:4). Diffraction noise appears and the smallest pattern is indistinguishable. By contrast, a combined image [ Fig. 3(d) ] by aperture synthesis covering 0.8 NA of illumination resolves the smallest pattern as a result of the enhanced resolution (1:22λ=2:2 ¼ 350 nm).
In conclusion, we have developed a quantitative phase microscopy system that uses aperture synthesis to enhance both the spatial resolution and phase sensitivity for imaging live biological cells and other samples. With high-speed beam scanning and phase referencing at the image plane, we achieved synthetic aperture quantitative phase imaging with the highest speed and resolution to this point, and demonstrated static and dynamic live cell imaging. The enhanced phase sensitivity has enabled us to determine the thickness of a nanometer-scale 3D object such as a helical cholesterol ribbon. This technique will facilitate the use of quantitative phase microscopy in studying nanoscale dynamics of biological cells and determining the thickness of various phase objects with nanometer accuracy.
